INTRODUCTION
We recently demonstrated that choline, a nutritional requirement of Streptococcus pneumoniae, was metabolized into CDPcholine via choline phosphate by a cell-free extract of this organism (Poxton & Leak, 1977) . This has also been shown independently by Bean & Tomasz (1977) . Choline is utilized as a structural component of the wall teichoic acid or C-substance (Tomasz, 1967; Brundish & Baddiley, 1968) and of the membrane teichoic acid or F-antigen (Briles & Tomasz, 1973 ) of the pneumococcus.
We suggested that the first step in the metabolism of choline, i.e. its conversion to choline phosphate by the ATP-dependent choline kinase, may be involved in the transport mechanism for choline, as no pool of free choline was found in the cell. In the present study we have investigated this suggestion and attempt to suggest the mechanism whereby choline is taken up into the cell.
The uptake of ethanolamine, an analogue of choline, was also investigated. It is known that ethanolamine can replace choline in the pneumococcal cell envelope but that this alters some properties of the organism; for example, the daughter cells become unable to dissociate forming long chains, which are resistant to autolysis, detergent-induced lysis and infection by a bacteriophage, and also become unable to undergo genetic transformation (Tomasz et al., 1975) .
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containing 0.5 "/' o (w/v) casein hydrolysate instead of individual amino acids. This medium contained choline at 28 p~. Cultures were routinely inoculated from plates into liquid medium, grown overnight at 37 "C, without shaking, then diluted into fresh medium to give an ARoo of 0.05. After further incubation at 37 "C for approximately 1-5 h, A,, reached 0.1 (mid-exponential phase). At this density, cells were used for uptake experiments. Viable counts on blood agar plates indicated that 4-5 x lo7 colony-forming units (c.f.u.) ml-l were present. If ethanolamine, at the same concentration, was used instead of choline, 9.1 x lo9 c.f.u. ml-1 were present at an Am, of 0.1. Total counts with a haemocytometer chamber showed that there were approximately twice as many individual cocci in ethanolamine medium as in choline medium for a given absorbance, with chains of, on average, about 30 cells in ethanolamine and 1 to 6 cells in choline.
Analytical methods. Descending paper chromatography was carried out on Whatman no. 1 paper using either ethanol/0.5 M-ammonium acetate, pH 3.8 (15: 6, v/v) Determination of incorporation of radioactive lube/. Radioactivity in choline phosphate and CDPcholine from cell-free extracts was determined as previously described (Poxton & Leak, 1977) . To determine radioactivity in whole cells, 1 ml of the culture was filtered through a cellulose acetate membrane (13 mm diam., 0-45 pm pore size) held in a Swinnex holder, and the membrane was air-dried for 10 min at 37 "C. Instead of washing the membrane, which would introduce inconsistent results due to cell lysis, a background reading of medium containing the same concentration of label, without cells, was subtracted. Radioactivity was measured by counting the membranes in toluene scintillation fluid [8 g 2,5-diphenyloxazole and 200 mg 1,4-di-2-(4-methyl-5-phenyloxazolyl)benzene in 2 1 toluene] using a liquid scintillation spectrometer.
Determination of [S],., values. The value of [S]
,., is the solute concentration giving one half of the maximum rate of uptake. This constant is preferred to the Michaelis-Menten constant for the measurement of uptake by whole cells as there are many metabolic controls on the transporting proteins in the system (Rose, 1976) . 
RESULTS A N D DISCUSSION
When S. pneumoniae was grown overnight in a medium containing [metl~yZ-~H]choline chloride there was no free choline present in the intracellular pool of choline metabolites (Poxton & Leak, 1977) . To confirm that no choline was free inside the bacterium, even in an actively growing culture with excess choline still present extracellularly, an overnight culture was inoculated into fresh medium with 28 p~-[~H]choline chloride (5 pCi) to give an A, of 0.05 and incubated statically until A6m reached 0.1 (about 1.5 h). The culture was then harvested and extracted with trichloroacetic acid as described by Poxton & Leak (1977) . After removal of the trichloroacetic acid into ether, all of the 3H was found in the aqueous phase. The chromatogram of the extract was similar to that obtained previously (except the amount of label at the origin, possibly due to polymeric teichoic acids, was much lower) with no trace of free choline. This confirmed that there was no free choline inside the cell.
In a similar experiment, bacteria were incubated in a medium containing 1 % (v/v) toluene to make the membrane permeable to choline and other small molecules up to a few thousand molecular weight (Schrader & Fan, 1974) . Again there was no pool of choline in the cells and no stimulation in production of choline phosphate or CDPcholine.
Choline uptake by whole cells Preliminary experiments to find the optimum specific activity of rH]choline to add to the incubations indicated that choline concentrations up to 1 ,UM containing 0-5 pCi mmol-1 were suitable and the rate of uptake was linear over 30 min. Cells grown in the defined choline medium were harvested in mid-exponential phase (Aaw 0.1) and resuspended in fresh medium without choline to give an of about 0.05. After 30 min at 37 "C, when any choline intermediates would have been utilized, [3H]choline was added up to 1 p~ (0-5 pCi ml-l). After a further 30 min the incorporation of choline into whole cells was measured. Results of uptake versus substrate concentration were plotted directly and as double reciprocal plots; these gave an [S],,., value of 3 . 2 ,~~ for choline and an uptake capacity ' Vmax' of about 3 nmol choline min-l (ml cell suspension)-l.
Efect of choline analogues on choline uptake Seven identical cultures, in choline-free medium as above, were preincubated for 30 min at 37 "C and then either hemicholinium-3, be taine hydrochloride, N,N-dimethylethanolamine, N-methylethanolamine, choline chloride (each at 5 p~) or an equivalent volume of choline-or analogue-free medium was added. Immediately after these additions, [3H]choline chloride was added to give 0.5 ,UM (0.25 pCi ml-l). After 30 rnin incubation at 37 "C, three 1 ml samples were assayed for incorporated 3H. None of the analogues had inhibited the uptake of choline. Only with unlabelled choline was there a decrease of 50 yo due to dilution of the label.
These results indicate that there is a very specific transport mechanism for choline, with no inhibition when the analogues were present at 10 times the concentration of choline. This should be compared with the uptake of choline by a marine pseudomonad (apparently having no use for choline) which is inhibited by more than 50% in the presence of betaine hydrochloride and N,N-dimethylethanolamine (Snipes et al., 1974) .
Eflect of metabolic inhibitors on the uptake of choline
Using mid-exponential phase cells harvested and suspended in choline-free medium as above, the uptake of [3H]choline at 0.25 ,UM over 70 rnin was inhibited completely by iodoacetate (1 mM) and inhibited by 64% by dinitrophenol at 1 mM and 31 % at 0.25 mM.
Oligomycin (0.25 mM) inhibited uptake by only 12% (Fig. 1) .
Iodoacetate is a general metabolic inhibitor which acts by alkylating thiol groups in a large number of enzymes. Oligomycin interferes with membrane ATPase and dinitrophenol reduces the proton-motive force across the cell membrane by destroying the proton gradient. The proton-motive force provides the energy for transporting certain sugars and amino acids and produces ATP in conjunction with membrane ATPase. The complete inhibition of choline uptake by iodoacetate and the comparative lack of sensitivity to dinitrophenol and oligomycin suggests that choline uptake is not dependent solely on the amount of ATP or the maintenance of the proton-motive force. We have, however, previously shown a requirement for ATP by the choline kinase (Poxton & Leak, 1977) . 
Ethanolamine uptake by whole cells
We investigated the uptake of ethanolamine as it led to altered properties of the organism when it replaced choline in the growth medium (see Introduction). Streptococcuspneumoniae was grown in medium containing ethanolamine (28 ,UM) overnight at 37 "C. The culture was diluted into fresh medium containing ethanolamine and harvested in mid-exponential phase. The kinetics of uptake were followed as for choline-grown organisms. The uptake constant was found to be much higher for ethanolamine than for choline ([S],., 7 . 1 4 ,~~) and the uptake capacity was correspondingly lower [V,,, 4 nmol ethanolamine min-l (ml cell suspension)-l]. This suggests that the organism has a much greater affinity for choline than for ethanolamine.
In vest igat ion of choline-induced transport system Bacteria were cultured in both choline-based and ethanolamine-based media and harvested in mid-exponential phase. Each culture was then resuspended and preincubated in a choline-and ethanolamine-free medium with or without 1 mM-chloramphenicol. After 30 min, [3H]choline (0.25 p~, 0.125 pCi rnl-l) was added and incubation was continued for 65 min at 37 "C. Throughout this period samples (1 ml) were assayed for choline uptake (Fig. 2) .
There was no evidence from this experiment of induction of a choline transporting system in the ethanolamine-grown cells as the choline-grown control cells were similarly affected by chloramphenicol. The fact that chloramphenicol inhibited the uptake of choline suggests that protein synthesis is required to maintain choline uptake capacity.
As there was no evidence for induction of choline transport, and as we had earlier shown a difference in affinity for choline and ethanolamine when the organisms were grown on the homologous substrate, we investigated the change in uptake constants and capacities when the cells had been grown on one substrate and then changed over to the other substrate to follow uptake.
When the uptake of choline was assayed after bacteria had been grown on ethanolamine, [S],., was 1.4 pM-choline and Vmax was 12 nmol choline min-l (ml cell suspension)-l. F o r the uptake of ethanolamine by choline-grown cells, [S],., was 14.2 pM-ethanolamine and VmaX was 6 nmol ethanolamine min-l (ml cell suspension)-'. These results suggest that a maximum amount of enzyme is present in cells grown on ethanolamine thus giving an increased uptake capacity. When cells are grown on choline, however, a ' normal ' amount of enzyme is present but this has a lower affinity for the uptake of ethanolamine.
Metabolism of ethanolamine
In an attempt to show the intermediates in ethanolamine metabolism, cells grown in [3H]ethanolamine were extracted with trichloroacetic acid and treated as for choline-grown cells (Poxton & Leak, 1977) . Regardless of incubation time and extraction procedure, we could not detect any intermediates. We therefore conclude that intermediates were being rapidly metabolized.
We conclude from this study that choline is transported into the pneumococcus by a highly specific constitutive enzyme which may be ATP-dependent. Choline kinase is probably involved. Choline analogues are transported by the same enzyme system but with a much lower affinity.
A. M. T. thanks the Science Research Council for an Advanced Course Studentship. This work was financed by a grant from the Medical Research Council to Professor Sir James Baddiley, FRS, in whose laboratory it was carried out.
